The mechanism of acceleration of lipid peroxide formation in the liver homogenate of vitamin E-deficient mice was investigated. The quantities of unsaturated fatty acid, NADPH, ascorbate and hemo protein, which have been so far thought to be the main factors of ac celeration of lipid peroxidation, could not be considered the major reason for acceleration in vitamin E-deficient liver homogenate. The phenomena resulting from the addition of a surfactant to normal liver homogenate and subcellular fractions resemble those obtained in E-deficient homogenate; (a) Though the rate of lipid peroxidation in E-deficient liver homogenate was 4.5-fold higher than that in normal one, the maximum rate of lipid peroxidation induced by the addition of Tween 80 was only little different in the above two homogenates. (b) Homogenate concentration of normal mouse liver in which maximum acceleration of lipid peroxidation was shown was lower than that of the E-deficient homogenate but shifted towards a higher concentration following the addition of Tween 80. (c) Vitamin E deficiency and the in vitro addition of Tween 80 resulted the decline of aminopyrine oxidation but in the activation of both the NADPH-linked enzymatical lipid peroxi dation and the ascorbate-linked non-enzymatical one in microsomes and mitochondria.
These results indicate the possibility that the increase in lipid peroxida tion in E-deficient liver was not a cause but a subsequence of membrane alteration, especially a change in tertiary structure of membrane-bound heme or non-heme iron protein.
The primary function of vitamin E for the past 30 years has generally been considered an in vivo antioxidant (1) (2) (3) . Deficiency of vitamin E brings about peroxidation of unsaturated fatty acids of intracellular membranes which, in turn, eventuates in deterioration and inactivation of these structures and functions to cause cellular injury, thereby provoking mainfold symptoms of E hypovitaminosis. Thus, in short, vitamin E is generally believed to act for the protection of the structure and function of membranes of these intracellular particles by inhibiting lipid peroxidation.
CORWIN and associates (4) showed that increased lipid peroxides observed in tissue slices prepared from tocopherol-deficient animals were merely produced during the process of preparation since only very small quantities of lipid per oxides could be originally detected in tissues of vitamin E-deficient animals. EL KHAIB et al. (5) and BUNYAN et al. (6) also reported no significant difference in lipid peroxide content between tissue slices freshly prepared from vitamin E deficient animals and from normal controls. Moreover, DESAI et al. (7) and SHARMA et al. (8) indicated that increased peroxidation of lipids cannot be in criminated labilization of membranes of such intracellular particles as lysosomes usually associated with vitamin E deficiency. The physiological functions of synthetic antioxidants such as N,N'-diphenylphenylenediamine and ethoxyquin in substitution for vitamin E(9,10) are not universally held (11, 12) .
It is generally believed (13, 14) that lipid peroxidation is inhibited by the re action of vitamin E with lipid peroxides or with the free radical intermediates (antioxidant action in the narrow sense of the term). On the contrary, we have previously speculated that the vitamin prevents the occurrence of such abnormal reactions as lipid peroxidation by its capacity to stabilize membranes of cell and intracellular particles (antioxidant action in the broad sense of the term) from the facts that tocopheronolactone, urinary metabolite of tocopherol (15) , showed the remarkable stabilization of lysosomal membrane (16) and the powerful inhibition of lipid peroxidation in tissue homogenate (17) even though it did not react with free radicals at all (18) . In this study the investigation of the mechanism by which peroxidation of lipids is accelerated in tissue homogenate prepared from vitamin E-deficient animals was undertaken from the viewpoint of the latter hypothesis on the antioxidant action of vitamin E. Determination of tocopherol content. After hydrolysis of the liver homogenate with 25% ethanolic KOH, the nonsaponifiable material was extracted with hexane. Then the tocopherol was separated by alumina column chromatography (31) and estimated by EMERIE-ENGEL's method (32) .
RESULTS

Vitamin
E content of liver Content and fatty acid composition of liver phospholipid Since unsaturated fatty acid in membrane phospholipid was peculiarly per oxidized (33) , phospholipid contents in the liver tissues of normal mice and E deficient mice, along with the degrees of unsaturation of the hepatic phospholipids, were determined. The results revealed practically no significant difference in the hepatic phospholipid content between the group of normal mice and that of E-deficient animals ( Table 2 ). Iodine numbers obtained from the E-deficient group were slightly lower than those from the normal control (Table 2) , so the compositions of fatty acids in liver phospholipid of normal and E-deficient mice were studied. Oleic acid was increased about three times but linoleic acid, which is more labile than oleic acid to the peroxidation (34) was decreased to about half in E-deficient liver phos pholipid (Table 3) . A similar result was reported by HOVE et al. (35) . This composition change of fatty acids was also observed in subcellular fractions (un published). Effect of surface-active agents on the lipid peroxidation in liver homogenate The effect of various surface-active compounds on lipid peroxidation in the mouse liver homogenate are summarized in Fig. 1 . Peroxidation of lipid was accelerated markedly in the presence of deoxycholate, Tween 60 or Tween 80, whereas Triton X-100 did not make such acceleration at all. Effect of homogenate concentration on lipid peroxidation Lipid peroxidation in both normal and E deficiency was promoted with in creasing concentration of homogenate up to a certain level (Fig. 3) . However, overaddition of liver homogenates a decreases peroxidation. This decline of lipid peroxidation at a high concentration bf homogenate would be due to decrease of oxygen tension in the incubation medium or absorption of lipid free radicals by protein. The maximal rate of peroxidation was obtained at the 2.5% homogenate concentration in the normal liver and 7.5% homogenate concentration in the E deficient liver. A similar finding was reported previously by WAKISAKA et al. (37) .
Effect of Tween 80 on lipid peroxidation in various concentrations of homogenate Increasing the quantity of Tween 80 added raised the homogenate concentra tion to a higher level at which the lipid peroxidation was at its maximum. Addi tion of 0.2% of Tween 80 showed a similar rate and its variation of lipid peroxida tion in various homogenate concentrations of the E-deficient liver.
Effect of cofactors on lipid peroxidation in liver homogenate with or without the existence of Tween 80
The effect of NADH, NADPH, GSH, ascorbate and linoleate which are well known to affect the peroxidation of tissue lipid (37-40) was studied because it is supposed that the increment of lipid peroxidation in vitamin E deficiency may ascribe the alteration in content of these reagents (Table 5 ). There was no dif- ference in effect by the addition of NADH, NADPH and GSH on the lipid peroxidation in normal, E-deficient and Tween 80-added liver homogenates; the peroxidation rates were little affected by NADH, increased by NADPH and inhibited by GSH. These results were different from the observation of WAKISAKA et al. (37) about lipid peroxidation in the vitamin E-deficient rat liver. Addition of 2.5mM potassium linoleate failed to produce a significant increase in lipid peroxidation in the E-deficient or Tween 80-added liver homogenate while it caused a conspicuous acceleration of lipid peroxidation in normal mouse liver homogenate. Ascorbate had little effect on the lipid peroxidation in the normal and E-deficient homogenate but greatly accelerated Tween 80-induced peroxida tion. When the homogenates were boiled E-deficient and Tween 80-induced lipid peroxidations were inhibited even though there was coexistance with NADPH, however normal one slightly increased. Non-enzymatic lipid peroxidation which was induced by ascorbate plus the ADP-Fe++, and insensitive to heat denaturation was observed not only in micro somes but in mitochondria (38) . It has been described by VICTORIA and associ ates (42) that addition of deoxycholate to the liver microsomes results in a salient increase in the rate of non-enzymatic lipid peroxidation. In contrast, WILLS (41) reported that deoxycholate inhibited the NADPH and ascorbate-induced lipid peroxidation in a microsomal suspension. We, therefore, conducted a study of the effect of NADPH and ascorbate on the lipid peroxidation induced with Tween 80 and E-deficient mouse liver mitochondria and microsomes. The formation of lipid peroxide was almost negligible in the incubated liver mitochondria or microsomes alone or with Tween 80 even if they were prepared from either normal or E-deficient mice, however greatly accelerated when ADP-Fe++ plus ascorbate (in mitochondria), NADPH or microsomal supernatant (in microsomes) were added (Table 6 ). In the normal mitochondria or microsomes, peroxidation was not quickened without the coexistence of both ADP-Fe++ and NADPH or ascor bate. On the contrary, E-deficient and Tween 80-added systems showed a high rate of lipid peroxidation even though ADP-Fe++ was omitted.
Electron-micrographs of mitochondria and microsomes after addition of Tween 60 in vitro Electron microscopic observations were made on microsomes and mito chondria in contact with Tween 60, one of the surfactants demonstrated in the preceding experiment to have the capacity to accelerate lipid peroxidation, to investigate the effect of the surface-active compound on the structures of these cellular components. Electronmicrographs revealed abrasion of both the inner and outer membranes in part of the mitochondrion with associated loss of matrix and disruption of cristae mitochondriales, and, similarly, partial disappearance of the membranoid structures of microsomes as well (Fig. 4) .
Comparison of the effect of Tween 80 on the oxidation of aminopyrine and lipid peroxidation in liver homogenate A study was made on the effect of Tween 80 on drug-metabolizing activity and lipid peroxidation of microsomes in which, among other intracellular mem branes, NADPH-linked enzymatic lipid peroxidation was observed (38) . With increase in the amount of Tween 80 added, the rate of peroxidation of lipid was noted to be elevated progressively whereas the aminopyrine oxidizing activity diminished inproportionately (Fig. 5) . Thus the finding being inconsistent with WILLS (43) who reported that surface-active compound such as deoxycholate inhibited both aminopyrine oxidation and lipid peroxidation was obtained. Comparison of the oxidation of aminopyrine and lipid peroxidation in vitamin E-deficient and phenobarbital-treated mouse liver homogenates Since in vivo treatment with phenobarbital increases in lipid peroxidation (44), the effect of phenobarbital administered to mice in four consecutive daily doses, 70mg per kg of body weight g.d., was investigated. As a result it was found that both aminopyrine oxidation and lipid peroxidation were activated by the phenobarbital treatment in normal mice. In the vitamin E-deficient animals, in contrast, lipid peroxidation increased to a greater extent than in phenobarbital treated mice while aminopyrine oxidation conversely diminished to a level lower than in normal control (Table 7) . CARPENTER et al. (45) also reported that a decrease of drug-metabolizing activity by more than two-thirds was noted to occur in the E-deficient rats. It is generally held that the following four factors are involved in the process of lipid peroxide formation in animal tissues; (A) unsaturated fatty acid as sub strate (46), (B) catalyzer such as metalloproteins e.g. cyt. b5 and cyt. P-450 (47), (C) cofactor e.g. NADPH (38) and ascorbate (39) , and (D) antioxidants such as vitamin E.
And thus the quantitative balance among these factors determines the rate of lipid peroxidation in vitro (48) . Experiments were performed, accord ingly, in an attempt to determine which of the four factors might give rise to the promotion of lipid peroxidation associated with vitamin E deficiency.
As for factor A, no evidence was observed for the existence any significant difference between the normal and E-deficient mice with respect to content and iodine number of phospholipid containing most of the poly-unsaturated fatty acids and being peculiarly peroxidized. Liver homogenate prepared from the tocopherol-deficient mice showed free fatty acid (especially, unsaturated fatty acid) levels approximately twice as high as those of normal ones although these higher levels had little effect on the acceleration of lipid peroxidation in E-deficient animals. WAKISAKA et al. (37) , also, have reported that increase in lipid peroxide formation by the extrinsic addition of unsaturated fatty acids and the enhanced lipid peroxidation in E-deficient animals operate by a different mechanism. The increment in content and release of free fatty acids in vitamin E-deficient liver (Table 4) , as has been speculated by TAPPEL (49) and LUCY (50), might be a con sequence of activation of membrane-bound phospholipases by derangement of the membrane structure of lysosomes, mitochondria and endoplasmic reticulum.
The content of peroxidizing agents (factor B) in tissues, it can be inferred that the accelerated lipid peroxidation noted in animals receiving phenobarbital is derived from possible increase in content of hemoprotein, etc. in the tissue insomuch as it is known that administration of phenobarbital causes a increase of hemoproteins such as microsomal P-450 in parallel with drug metabolizing activity (51, 52) . This inference is supported by the observation made in this investigation that a variation of formation rate of lipid peroxides in phenobarbital treated liver homogenate following a change of Tween 80 concentration was just the same as that in which hemin was added (Fig. 2) . On the contrary, the content of hemoproteins, microsomal cyt. b5 and P-450, and hemoprotein enzyme levels were noted to remain unchanged (45) or diminished in animals deficient in vitamin E (53) , and that Tween 80 induced maximum formation rate of lipid peroxide in hemin-added or phenobarbital-treated liver homogenate was greatly higher than that in E-deficient homogenate (Fig. 2) seem to indicate inattributability of the acceleration of lipid peroxidation in tocopherol-deficient animals to the probable increase in content of peroxidizing-catalyzers (factor B).
From the findings that the lipid peroxidation reaction in tissue homogenate requires components distributed in both particulate and soluble phase (37, 54) , it is conceivable that the soluble fraction (factor C) of the cell plays an important role in promotion of lipid peroxidation (55) . However, it would matter little to the acceleration in vitamin E deficiency because the lipid peroxidation in normal liver homogenate was little affected even though ascorbate, NADH or NADPH was added (Table 5 ). Further, it has been described that no significant differences exist either in lipid peroxidizing activity of soluble fraction or in contents of ascorbate between E-deficient animal and normal control (56, 57) , and NADP and NADPH contents showed rather large decreases in E deficiency (58) . Phenobarbital treatment accelerated both drug metabolization and lipid peroxidation which involved several common steps, while tocopherol deficient or in vitro addition of Tween 80 resulted in decrease of oxidation of aminopyrine along conversely with increase of lipid peroxidation (Table 7 ). This finding infers that increased lipid peroxide formation associated with tocopherol deficiency arises not so much from increase of these stimulating factors as from some qualitative change of them, especially those associated with membrane structure of intracellular particles. And then, the structure change would not completely be non-specific because Triton X-100 did not show the promotion of lipid peroxi dation at all in spite of same surfactant as Tween 80 (Fig. 1) . Similar conjectures were reported from the observation that lipid peroxidation was increased by the addition of sulf hydryl-binding compounds, e.g., p-chloromercuribenzoic acid to microsomal suspension of rat brain (61) or mouse liver (44) . ROBINSON (61) concluded that these compounds interfered the association of the double bond between the sulfhydryl group and phospholipid fatty acids of membrane, thereby leading to changes in the membrane structure by probably removing the covers of double bonds of lipid, and in turn, increasing the occurrence of lipid peroxida tion. On the contrary, UTLEY et al. (44) speculated that such sulfhydryl-reacting agents produce a change in tertiary structure of microsomal Fey, thereby rendering the protein-bound iron available for catalysis of peroxidation of endogenous lipid. HOCHSTEIN et al. (38) have reported that ascorbate induced non-enzymatic lipid peroxidation and NADPH stimulated enzymatic lipid peroxidation. The peroxide formation in the E-deficient homogenate would be catalyzed enzymatically because the peroxidation rate was little affected by ascorbate, inhibited by the boiling of the homogenate (Table 5 ) and completely suppressed by tocopherono lactone, which inhibited specifically the enzymatic lipid peroxidation (16) . Both the E-deficient and Tween 80-induced lipid peroxidation in intracellular particles, even if they were boiled, showed the same behavior to the addition of ascorbate and NADPH; greatly increased by NADPH and ascorbate in fresh microsomes, and little affected by NADH but remarkably accelerated by ascorbate in fresh or boiled mitochondria (Table 6 ). These observations indicate that Tween 80 and E deficiency give rise to marked increase in the rate of non-enzymatic and further enzymatic lipid peroxidation in subcellular fractions, As shown in Table 6 , the lipid peroxidation linked to NADPH or ascorbate in mitochondria of normal liver was greatly quickened without the addition of Tween 80 if only ADP-Fe++ existed, however, when ADP-Fe++ was omitted, they were not accelerated until Tween 80 addition. On the contrary, the lipid peroxidation in E-deficient microsomes or mitochondria was elevated without both the addition of Tween 80 and the co existence of ADP-Fe++. These findings may explain the assumption that vitamin E deficiency or Tween 80 addition produces a change in tertiary structure of heme or non-heme iron protein in mitochondrial or/and microsomal membranes e.g. a reversible convertion of microsomal cyt. P-450 into P-420 by the treatment of detergents or sulf hydryl reagents (62) , and makes the altered iron act like ADP -Fe++ for catalysis of enzymatic and non-enzymatic lipid peroxidation. In this regard, it is attractive that cyt. P-420 is also the most effective in catalyzing the peroxidase reaction utilizing only lipid hydroperoxide as substrate in comparison with other heme compounds such as hematin, cyt. c and cyt. P-450, which catalyze not only the decomposition but also the formation of lipid peroxide (63) . It was supposed that vitamin E deficiency in this experiment showed the labilization of some characteristic portion of intracellular membranes to equal the addition of about 0.2-0.3% of Tween 80 as far as increase of lipid peroxidation (Fig. 2) , decline of drug oxidation (Fig. 5, Table 7 ) and the concentration of liver homogenate at which showed a maximum rate of lipid peroxidation (Fig. 3) .
Furthermore, our findings that membrane alteration of mitochondria and microsomes were brought about by treatment of liver homogenate with Tween 60 (Fig. 4) is of profound interest especially when referred to the previously reported electron microscopic findings of DJACZENKO et al. (64) and CAYGILL (65) in the appearance of the liver mitochondria and endoplasmic reticulum of E-deficient rats, such as swelling, loss of electron density of matrix and a decrease in the number of cristae (in mitochondria), and morphological alteration with consequent fragmentation and eventual disappear of the fragments (in endoplasmic reticulum). Meanwhile, a histochemical study by electron microscopy suggested a possible role of vitamin E in maintaining normal structures of intracellular membranes by its capacity to increase unsaturated fatty acid incorporation into the membrane as well as inhibit decomposition of these unsaturated fatty acids (66) . This hypo thesis is supported by our results that unsaturation of fatty acid of phospholipid in liver declines with vitamin E deficiency ( Table 2, Table 3 ). It is well known that unsaturation of hydrocarbon chain of phospholipid is essential for membrane formation (67) , so it has assumed that tocopherol may affect the metabolism of unsaturated fatty acid of phospholipid constituting the membrane. 
